Although previous studies investigating the MALDI Biotyper database (matrix-assisted laser desorption/ionization time-of-flight mass spectrometry-based identification) have proven its high accuracy for bacterial identification, the studies differed in sample preparation, number of replicates, quantity of shots and target types used. In particular, the score cut-off values of special importance for reliable species identification varied. The aim of the present study was to identify species-specific differences in the mean score values for staphylococci. Cut-off values recommended by the manufacturer were adapted using the 20th percentile to rule out unknown score-modifying factors, even though the specificity was high and the lowest cut-off values would also yield an accurate result. Whilst correct species diagnosis was obtained in 97.32 % of samples (1382/1420), only 220 of all duplicates (15.49 %) revealed a score of ¢2.3, whilst 968 (68.17 %) had a score between 2.0 and 2.299, and 194 (13.66 %) had a score of ,2.0. Ten of 21 species had a calculated 20th percentile of ,2.0 and one species of ,1.7. In conclusion, the use of species-specific cut-off values improves the relative sensitivity of species identification in staphylococci.
INTRODUCTION
The first descriptions of matrix-assisted laser desorption/ ionization time of flight mass spectrometry (MALDI-TOF MS) for bacterial identification were published more than 15 years ago (Claydon et al., 1996; Holland et al., 1996) . A variety of studies declared this method to be cost-effective and rapid for bacterial identification (Eigner et al., 2009; Marklein et al., 2009; Seng et al., 2009; Szabados et al., 2010; Carpaij et al., 2011) , which is a proven benefit for patient care (Barenfanger et al., 1999; Neville et al., 2011) . MALDI-TOF MS is based on soft laser ionization on intact bacteria or bacterial extracts. Specific spectra of protein peaks are yielded by detecting the ribosomal peptide and protein ions according to their relative masses and charges. Distinct protein peaks can be used for genus and species identification. Quality-controlled databases of reference spectra including many relevant micro-organisms were established from the first 'proof of principle' experiments to integrate this method into clinical laboratories. To date, several commercial databases and non-commercial approaches for bacterial identification have been evaluated (Carbonnelle et al., 2007; Friedrichs et al., 2007; Rajakaruna et al., 2009; Seng et al., 2009) . Nevertheless, these experiments have varied, particularly with regard to the sample preparation protocols: either formic acid extraction or direct smear preparation. Moreover, the samples were measured with different mass spectrometer instruments and the spectra generated were compared with varying ranges of proteomic fingerprints (Friedrichs et al., 2007; Rajakaruna et al., 2009) .
In this study, the MALDI Biotyper 2.0 database with a mass-to-charge ratio of 3000-15 000 Da was used, most of which are thought to represent ribosomal protein peaks. This database contains .3000 well-characterized microbial species, including 124 spectra representing 36 different staphylococcal species and subspecies. Although the accuracy of the MALDI Biotyper 2.0 database has been described in a variety of studies (Seng et al., 2009; Bizzini et al., 2010; Harris et al., 2010; Risch et al., 2010; Szabados et al., 2010; Neville et al., 2011) , these experiments also varied in many details. A divergent number of tested strains, number of spectra to generate a sum spectrum and number of replicates tested and the use of different mass spectrometry instruments and target types make it difficult to compare the published data. Furthermore, the score values to define probable or secure species identification were altered in many studies compared with the manufacturer's suggestions. In all these studies, the same score classification was applied to all measurements, independent of putative species-specific variations. Misidentifications were not described in detail concerning calculated score values.
The MALDI Biotyper 2.0 software compares the peak profile of tested strains with database entries and calculates a logarithmic score between 0 and 3, which quantifies the similarity to the database entries. High values in this score represent high similarity with respective database entries. The exact algorithm by which this score is generated has not been disclosed by the company. The quality of species identification is divided into several categories according to the score: as specified by the manufacturer's instructions, identification scores of ¢2.3 are required for a reliable ('highly probable') identification to species and genus level, score values ¢2.0 and ,2.3 represent probable identification to species level, score values ¢1.7 and ,2.0 represent a reliable genus level, and scores of ,1.7 are regarded as unreliable. Due to the log dependence, even small differences in the score cut-off value represent larger differences in the peak profile. In a recently published study, differences in the mean specific score values in a variety of species were described (Szabados et al., 2012) . Nevertheless, only a few species within the genus Staphylococcus were included in this study. In order to characterize these described differences in the mean score values in more detail, we used the ethanol/formic acid extraction procedure as suggested by the manufacturer. For definition of speciesspecific score cut-off values, the 20th percentiles of 691 concordantly identified Staphylococcus isolates were applied (19 isolates of species with low sample numbers were excluded). In addition, the accuracy of MALDI-TOF MSbased identification on score values was analysed using reference strains.
METHODS
A total of 697 routinely isolated clinical strains of staphylococci and 13 type strains were included in this study. This collection originated from hospitals in and around Bochum, Germany. All bacteria were isolated from human sources from various origins. Table 1 summarizes the tested staphylococci. This study comprised species of coagulase-negative staphylococci (CoNS) of relevance to humans. As isolates were collected randomly and non-consecutively, some species might have been over-or under-represented compared with their prevalence in humans.
Reference strains. Thirteen reference strains were used: Staphylococcus caprae (DSM 20608) (Kawamura et al., 1998) ; Staphylococcus cohnii (DSM 20260), Staphylococcus haemolyticus (DSM 20263), Staphylococcus saprophyticus (DSM 20229) and Staphylococcus xylosus (DSM 20267) ; Staphylococcus hominis (DSM 20328), Staphylococcus simulans (DSM 20322) and Staphylococcus warneri (DSM 20316) ; Staphylococcus epidermidis (DSM 1798) (Winslow, 1908) ; Staphylococcus hyicus (DSM 20459) (Schleifer & Kocur, 1973) ; Staphylococcus intermedius (DSM 20373) (Hajek, 1976) ; and Staphylococcus lugdunensis (DSM 4804) and Staphylococcus schleiferi (DSM 4807) (Freney et al., 1988) .
Identification of Staphylococcus aureus. A total of 105 consecutive clinical single-copy strains of S. aureus were recovered from January 2006 to March 2006. All isolates were cultured on Columbia blood agar plates (bioMérieux) and incubated at 37 uC in a humidified atmosphere containing 5 % CO 2 . S. aureus was identified initially on the basis of colony characteristics and a Slidex Staph Plus agglutination test (bioMérieux) or the GPI card of the Vitek 2 automated identification system (bioMérieux) and confirmed by molecular methods (Martineau et al., 1998) . All strains were SA442-positive and were included as molecularly defined strains in this study.
Identification of CoNS. All CoNS isolates, excluding the reference strains, were collected between 2000 and 2008 and identified initially using the GPI card of the Vitek 2 automated system (bioMérieux). In this study, 592 single-copy isolates of molecularly defined CoNS were included (Table 1) . Species-specific PCRs were used as the reference method in case of discrepant identification results (Table 2) . Forty-six strains of 19 species (excluding meticillin-sensitive S. aureus, S. hyicus and S. xylosus) were identified using amplification and sequencing of the sodA gene (Martineau et al., 2000; Poyart et al., 2001; Shrestha et al., 2002; Stuhlmeier & Stuhlmeier, 2003; Morot-Bizot et al., 2004; Iwase et al., 2007; Hauschild & Stepanovic, 2008; Noguchi et al., 2010) : Staphylococcus arlettae (n51), Staphylococcus capitis (n54), S. cohnii (n51), S. epidermidis (n53), S. haemolyticus (n56), S. hominis (n516), S. lugdunensis (n55), S. saprophyticus (n51), S. schleiferi (n52), Staphylococcus succinus (n55) and S. warneri (n52).
MALDI-TOF MS-based identification. All strains were stored in frozen stock culture and subcultured on Columbia agar plates (bioMérieux) for 24 h at 37 uC twice before they were examined by MALDI-TOF MS using a Microflex LT instrument (Bruker Daltonics), Flexcontrol 3.0 software and the MALDI Biotyper 2.0 database version 2.0.4.0 (Bruker Daltonics). The instrument was used to calculate and process the analytical data according to the manufacturer's instructions. An ethanol/formic acid preparation was used in accordance with the manufacturer's specifications and as described previously (Szabados et al., 2011a) .
Each sample was measured in duplicate. To eliminate a suspected preparation error, the identification was repeated once, if the initially obtained score was ,1.7. For implementation of new species-specific score cut-off values, all scores of correctly identified measurements were included in this study. After retesting of respective strains, all measured scores were compared and the first result was chosen if there was no error of preparation recognizable. A 'no peaks found' result was interpreted as insufficient identification by MALDI-TOF MS, even when the second sample was identified correctly.
The 20th percentile score (Fig. 1) , depending on the number of samples, was calculated to define new species-specific score cut-off values for secure species identification.
Statistical analysis. The data obtained were analysed using SPSS 19.0 for Windows. To describe the distributions of score values, mean, SD, median and extreme values were used. Additionally, the 20th percentile was calculated.
RESULTS
A total of 710 strains were measured in duplicate (n5 1420). According to the manufacturer's score classification, 220 (15.49 %) had a score of ¢2.3, 968 (68.17 %) had a score ¢2.0 and ,2.3, and 194 (13.66 %) had a score of ,2.0.
A 'no peaks found' result was generated by 2.25 % (32/ 1420) where the second sample was identified correctly. In 0.42 % (6/1420), MALDI-TOF MS misidentified the first sample, although the second sample was identified correctly. Four samples of different isolates of S. saprophyticus were falsely identified as Staphylococcus equorum (score of 1.687), Staphylococcus piscifermentans (2.040), S. xylosus (1.842) and Pseudomonas balearica (1.318). The single isolate of S. carnosus was misidentified once as S. piscifermentans (1.767), and one sample of S. cohnii was misidentified as S. xylosus (1.842).
Although 97.3 % of the isolates were identified correctly to the species level by the MALDI Biotyper database (irrespective of the score value), only 15.49 % of the isolates were interpreted as 'highly probable' species identification (score ¢2.3), and an additional 68.17 % were interpreted as 'secure genus and probable species' identification (score ¢2.0 and ,2.3), if the score cut-off values suggested by the manufacturer were applied. The distribution of scores for each species is summarized in Fig. 1 , with horizontal dashed lines indicating the manufacturer's score cut-off values.
According to the manufacturer's recommendations, isolates would have been misidentified due to score values under the threshold. Even though the specificity was very high (100 % in all staphylococci, except for S. xylosus), a species-specific 20th percentile was chosen arbitrarily as the score cut-off value for identification to improve security. Only species with more than three isolates in duplicate were included to evaluate the 20th percentile. This led to exclusion of six of 21 species (S. arlettae, S. carnosus, S. chromogenes, S. hyicus, S. pasteuri and S. xylosus). These species are indicated by asterisks in Fig. 1 .
Seven of 15 species (S. caprae, S. intermedius, S. warneri, S. sciuri, S. schleiferi, S. succinus and S. epidermidis) had a calculated score cut-off value of ,2, and one species (S. cohnii) had a score of ,1.7. Score values for S. lugdunensis produced the highest 20th percentile, with a value of 2.170 (Fig. 1) .
Except for S. xylosus (99.8 %), all tested species had a specificity of 100 % in the tested collective. The accuracy of MALDI-TOF MS at the isolate level was also analysed by the inclusion of 13 type strains in the MALDI Biotyper 2.0 database.
If the strain tested is clonally identical to the strain used for the database entry and a strain-specific influence on the score value is therefore ruled out, the highest theoretical score (a score of 3) should be able to be obtained. All but one of the type strains (S. epidermidis DSM 1798 gained a 'no peaks' result) were identified correctly to the species level (96.15 %). However, the best matching score was not necessarily with the respective identical DSM reference strain but with other DSM reference strains of the same species used in the MALDI Biotyper database. Seven reference strains (DSM 4804, DSM 20229, DSM 20322, DSM 20328, DSM 20373, DMS 20459 and DSM 20608) were detected twice with identical DSM strains (53.85 %). Two reference strains (DSM 20267 and DSM 20316) were only identified in one of two measurements (15.38 %). In four strains (DSM 1798, DSM 4807, DSM 20260 and DSM 20263) , identification failed twice with regard to the DSM reference strain (30.77 %). In the case of incorrect DSM identification, the lowest score for the correct DSM number at the measuring sheet was yielded by S. cohnii (DSM 20260) with a score value of 1.561. The highest scoring DSM reference strain was S. lugdunensis DSM 4804 with a score of 2.290 (Table 3) .
DISCUSSION
In recent years, staphylococci have increasingly come to attention due to the clinical importance of hospitalacquired infections (von Eiff et al., 2006) , particularly with the upward trend of antibiotic resistance in the case of meticillin-resistant S. aureus. CoNS are increasingly observed as causes of infections of intravascular devices as well as of prosthetic infections (Szabados et al., 2011c) . These bacteria must be identified at the species level using reliable and reproducible methods. Bacteria are usually identified by their biochemical characteristics, which is moderately reliable for many species but time-consuming. Other highly reliable methods such as molecular methods are expensive, technically demanding and also time-consuming. Clinical microbiology laboratories are increasingly challenged to deal with the numerous microbial samples within an adequate time. In contrast, MALDI-TOF MS requires simple sample preparation and the analysis can be performed within minutes.
Whether ethanol/formic acid extraction is preferable to direct smear preparation is controversial, particularly for Gram-positive bacteria and yeasts (Bizzini et al., 2010; Szabados et al., 2012) . During ethanol/formic acid extraction, the organisms are killed, in contrast to direct smear preparation. This may lower the risk of laboratory-acquired infections caused by pathogenic bacteria. Bruker Daltonics suggests score cut-off values using ethanol/formic acid extraction for identification of bacteria to genus and species level. Although a score of ¢2.3 is recommended for highly probable species identification, previous studies (Bizzini et al., 2010; Dubois et al., 2010; Harris et al., 2010; Cherkaoui et al., 2011; Neville et al., 2011) modified this cut-off value to values of ¢1.7 and ,2.0 for identification of solitary cultures on agar culture media.
Concerning direct identification of bacteria from positive blood culture bottles, lower score cut-off values have been suggested (La Scola & Raoult, 2009; Stevenson et al., 2010; Szabados et al., 2011b) . The currently available literature suggests that the manufacturer's recommendations are overly stringent (Neville et al., 2011) . A recently published study analysed a variety of species with regard to differences in the mean specific score values for direct smear preparation (Szabados et al., 2012) . In the latter study, only 105 isolates of 10 staphylococcal species were tested. In contrast, the present study evaluated 710 isolates of 21 staphylococcal species measured in duplicate. Both studies confirmed species-specific differences in the mean score values within the genus Staphylococcus using the MALDI (Fig. 1) . These cut-off values can be applied directly to each measurement in a species-specific manner or could be added as a simplified classification scheme for conventional laboratory considerations by outlining matching groups. The 20th percentile was chosen as most of the misidentifications occurred in samples associated with score values in this range (Szabados et al., 2012) . We suggest using a score of ¢2.0 for secure species identification of S. aureus, S. capitis, S. epidermidis, S. hominis, S. lugdunensis, S. saprophyticus, S. simulans and S. xylosus. According to the 20th percentile, a score of ¢1.7 is sufficient for identification at the species level for S. caprae, S. intermedius, S. schleiferi, S. sciuri, S. succinus and S. warneri. S. cohnii can be identified with a score cut-off value of ¢1.6. Apart from reducing the manufacturer's cut-off values, the implementation of constant variables for calculation of speciesspecific score values into the manufacturer's classification system is desirable. A lower mean species-specific score value could also indicate a certain species where the given database could be improved. MALDI-TOF MS has been shown to be accurate in both sensitivity and specificity at the species level for staphylococci (Seng et al., 2009; Dupont et al., 2010; Szabados et al., 2012) . Except for S. xylosus, all tested species had a specificity of 100 %, which reinforces the utilization of low score cut-off values for species identification. S. equorum, S. piscifermentans (Dupont et al., 2010) and S. saprophyticus (Dubois et al., 2010) have been described previously to be incidentally not correctly identified by MALDI-TOF MS. Score values of up to 2.04 for misidentifications suggest that users should give more attention to critical species such as S. equorum, S. piscifermentans and S. xylosus.
In the present study, the highest obtained score value was 2.580, with 3.0 being the maximum possible score. It can be assumed that clonally identical isolates, such as type strains, should be able to reach score values of 3.0. Interestingly, the score values of our tested reference strains were distinctly lower and did not even reach the score cut-off value for 'highly probable species identification'. According to Harris et al. (2010) , it is possible to detect score values of 3.0 if reference strains are used that are identical to the strains used for the database (Harris et al., 2010) . This result also indicated that some reference strains used for this study were different to the respective peak profiles used in the database, which is also in line with the hypothesis that not all reference strains used in research are identical with regard to their clonal background. Protein expression depends on a variety of environmental factors, such as culture conditions, including different growth phases, agar plates, pH and temperature, and may also have contributed to this effect. Although several studies have pointed out that differences in peak profile are dependent on environmental conditions (Longo et al., 1999; Bernardo et al., 2002; Valentine et al., 2005; Wunschel et al., 2005) , the identifying algorithm and detection range of the MALDI Biotyper database allow reliable identification from a variety of agar media. A large number of clonally different strains should be analysed to get a peak profile that is reliable and appropriate for one species. Lower mean species-specific score values also indicate certain species where the MALDI Biotyper database could be improved. Nevertheless, the lower score values within the subset of DSM isolates also indicate that other factors, such as variations in bacterial preparation, putative dependence on instruments or as yet unknown environmental factors, could reveal significantly lower score values. As the score calculation algorithm of the MALDI Biotyper has not been revealed by the manufacturer, such factors that lower attainable scores should be analysed in further studies to investigate their relevance in routine clinical applications, such as MALDI-TOF MS-based identification using the MALDI Biotyper database.
Conclusions
In summary, the recently introduced MALDI Biotyper database is suitable for highly accurate and rapid identification of staphylococci.
Misidentifications to species level occurred only within the group of CoNS, and therefore discrimination of S. aureus from CoNS is highly reliable, even when lower score values are applied. Species-specific score values varied among the staphylococci, and these score cut-off values could be used to improve the identification scheme introduced by the manufacturer. 
